Hepatitis C virus (HCV) encodes two glycoproteins, E1 and E2, which are thought to locate to the envelope of virus particles. These proteins form two complexes in tissue culture systems, a high molecular mass aggregate that contains intermolecular covalent bonds and a native complex in which E1 and E2 associate by non-covalent interactions. The contribution of either complex to the structures of the proteins on virus particles is not known. Using dithiothreitol to reduce inter-and intramolecular disulphide bonds in situ, we have studied the nature of the interactions within the aggregate and the role of covalent bonds in the early stages of E1-E2 association. Results with two HCV type 1a strains, Glasgow and H77, showed that the aggregate contains not only covalent interactions but also non-covalent associations between E1 and E2. These non-covalent associations are complex since deletion mutant analysis failed to identify any single region which was required for non-covalent interaction. Complex formation by de novo synthesized proteins was not arrested under reducing conditions which prevented the production of inter-and intramolecular disulphide bonds. Moreover, a conformation-specific antibody continued to recognize the E2 protein in reduced complexes, indicating that covalent bonds do not stabilize certain structures of E2 that can interact with E1. These data suggest that disulphide bonds are not required either to allow association between the proteins or to stabilize E1-E2 complexes.
Introduction
Chronic infection with hepatitis C virus (HCV) is the major cause of non-A, non-B viral hepatitis. The virus is a member of the Flaviviridae and has a positive-sense, single-stranded genome of about 9n6 kb which encodes a polyprotein of between 3008 and 3037 amino acids (reviewed in Clarke, 1997) . Three proteins generated by host cell signalase cleavage from the N-terminal portion of the polyprotein, termed core, E1 and E2, are the proposed proteinaceous components of virions ; the core protein is thought to constitute the capsid with E1 and E2 forming the virus envelope. Numerous studies have reported that E1 and E2 are glycosylated and associate to form a heteromeric complex (Grakoui et al., 1993 ; Ralston et al., 1993 ; Matsuura et al., 1994 ; Selby et al., 1994) . The nature of the authentic association between E1 and E2 is the subject of debate since both covalent and non-covalent interactions have
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Fax j44 141 337 2236. e-mail j.mclauchlan!vir.gla.ac.uk been identified (Grakoui et al., 1993 ; Ralston et al., 1993) . Although direct analysis of HCV virions has not been possible, it is considered that the non-covalent interactions are authentic while covalent associations may represent aggregation of misfolded proteins (Dubuisson et al., 1994 ; Deleersnyder et al., 1997) . From studies on the formation of the E1-E2 complex, E2 acquires disulphide bonds rapidly but this process is slower with E1 (Dubuisson & Rice, 1996) . Since the two proteins appear to associate soon after synthesis, disulphide bond formation within E2 may be important for interaction with E1 and, moreover, may induce conformational changes in E1, including disulphide bond formation.
A convenient method to determine the role of disulphide bonds in proteins which cycle through the endoplasmic reticulum (ER) is addition of the reducing agent dithiothreitol (DTT) to cells during protein synthesis (Braakman et al., 1992) . In this way, proteins can be reversibly reduced and reoxidized within a cellular environment. DTT does not seriously impair translation, translocation, N-glycosylation or signal sequence removal and the secretory pathway from the intermediate compartment and Golgi complex also continues to function although export from the ER may be reduced (Verde et al., 1995) . This methodology also has been used to identify DTTresistant forms of the E1 glycoprotein in Sindbis virus which arise upon heteromeric complex formation with the precursor E2 protein and are considered to represent species that have achieved a particular stage of the maturation process (Carleton & Brown, 1996 , 1997 .
Using DTT to create a reducing environment within cells, we have examined the role of disulphide bonds in E1-E2 complexes formed by two type 1a strains of HCV, a local isolate called strain Glasgow (M. McElwee & R. M. Elliott, unpublished data) and H77 (Ogata et al., 1991) . This has allowed us to determine whether disulphide bonds are necessary for stabilizing interactions between the proteins and to study their involvement in the initial stages of complex formation.
Methods
Construction of plasmids. Details of the regions used in this study to express core, E1 and E2 from both H77 and Glasgow strains are given in Fig. 1 . Cloned cDNA fragments from HCV strain Glasgow, which has a 1a genotype, were kindly provided by M. McElwee and R. M. Elliott. A plasmid, pCV-H77C (kindly supplied by J. Bukh), carrying the infectious full-length cDNA sequence of HCV strain H77 (Yanagi et al., 1997) , provided the fragment for the H77 construct. All fragments were initially cloned into vector pGEM-1 (Promega) and then flanked by BglII sites. For expression purposes, BglII fragments containing HCV sequences from these plasmids were introduced into the unique BamHI site of the Semliki Forest virus expression vector, pSFV1 (Liljestrom & Garoff, 1991) . E2 deletion mutants in Fig. 1 were derived from pSFV\E1 his E2 and therefore contain the histidine tag in E1. Constructs were made by standard methods using restriction enzyme fragments along with synthetic oligonucleotides to combine fragments with incompatible termini. PCR was used only to construct the 3h-terminal HCV sequences in pGEM\∆609-698. The nucleotide sequences of all regions that were modified as a consequence of cloning procedures were determined before insertion into pSFV1.
Maintenance of tissue culture cells. BHK C13 cells were grown and maintained in Glasgow minimal Eagle's Medium supplemented with 10 % newborn calf serum (NCS), 4 % tryptose phosphate broth and 100 IU\ml penicillin\streptomycin (ETC10).
In vitro transcription and electroporation of SFV RNA into cells. Recombinant SFV plasmids were linearized by SpeI digestion and then used as templates for in vitro transcription essentially as described by Liljestrom & Garoff (1991) . Typically, 25 µl transcription reactions contained 40 mM Tris-HCl, pH 7n9, 6 mM MgCl # , 2 mM spermidine, 10 mM NaCl, 5 mM DTT, 1 mM each of ATP, CTP and UTP, 500 µM GTP, 1 mM cap analogue m ( G(5h)ppp(5h)G (Boehringer Mannheim), 40 units RNasin and 50 units SP6 RNA polymerase (apart from cap analogue, all reagents were supplied by Pharmacia). Reactions were incubated at 37 mC for 2 h.
For electroporation, cells were grown to confluence, trypsinized and resuspended in ETC10 medium. Cells were pelleted by centrifugation at 400 g at room temperature for 5 min, resuspended in PBSA and repelleted as before. The cell pellet was finally resuspended in PBSA to give Fig. 1 . Details of the regions of HCV expressed using the SFV system. The positions of cleavage sites between core/E1, E1/E2 and E2/p7/NS2 are arrowed. With the exception of pSFV/169-703, all constructs terminated translation at amino acid residue 837 of the HCV polyprotein. In pSFV/CE1E2 H77 and pSFV/CE1E2 Gla , translation was initiated at residue 1 of the HCV polyprotein, whereas in the remaining constructs translation began at HCV residue 169. The histidine tag, which introduced six histidine residues into the E1 sequences in pSFV/E1 his E2, was present in the E2 deletion mutants also. For the deletion mutants, constructs are named according to the residues which were removed. Filled boxes denote the hydrophobic domains which contain the signal sequences that direct cleavage within the polyprotein.
10( cells\ml. Cell suspension (800 µl) was mixed by inversion with 25 µl of in vitro transcription reactions and the mixture electroporated (Bio-Rad Gene Pulser II) with two consecutive pulses at 1n2 kV and 25 µF at room temperature. Electroporated cells were diluted 1\20 in ETC10 and seeded onto 35 mm tissue culture dishes.
Metabolic labelling of proteins. For extended labelling times, cells were washed and incubated in BHK medium with reduced concentrations of NCS (2 %) and methionine (1\5 normal concentration) at 3n5 h post-electroporation. After incubation at 37 mC for 30 min, proteins were radiolabelled by addition of 10 µCi\ml [$&S]methionine (1175 Ci\mmol ; Amersham) and incubation at 37 mC was continued for a further 8 h before harvesting.
In pulse-chase experiments, cells were incubated at 37 mC for 11n5 h following electroporation and then incubated in media with reduced concentrations of NCS (1 %), methionine and cysteine (1\5 normal concentration) for 30 min prior to labelling. Cells were radiolabelled with 150 µCi Promix ( 1000Ci\mmol ; Amersham) in 500 µl PBS containing 1 % NCS for the appropriate length of time and chased in ETC10 supplemented with 0n5 mg\ml methionine and cysteine.
DTT treatment of cells. In experiments analysing the effects of reducing agent on preformed complexes, cells which had been radiolabelled were firstly incubated in 200 µg\ml cycloheximide to block translation followed by addition of DTT at concentrations and for times indicated in the text. In pulse-chase experiments, 5 mM DTT was added to cells 15 min prior to and maintained at that concentration during the pulse-chase period.
For harvesting, cells were washed twice in cold PBS containing 20 mM N-ethylmaleimide (NEM) and harvested in either 500 µl lysis buffer (25 mM Tris-HCl, pH 8n0, 40 mM imidazole, 300 mM NaCl, 1 % Triton X-100, 20 mM NEM, 1 mM PMSF) for purification by Ni-NTA HCV E1 and E2 complex formation HCV E1 and E2 complex formation agarose or 500 µl immunoprecipitation buffer (25 mM Tris-HCl, pH 7n5, 300 mM NaCl, 1 % Triton X-100, 20 mM NEM, 1 mM EDTA, 1 mM PMSF). Cells were lysed for 10 min on ice before centrifugation at 13 000 g to remove insoluble cell debris.
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Endo H digestion of glycoproteins.
Lysates from cells were denatured in 0n5 % SDS, 1 % β-mercaptoethanol at 100 mC for 10 min. Sodium citrate was added to 50 mM followed by 2000 units of endo H f (New England Biolabs) and the reaction was incubated at 37 mC for 1 h.
Ni-NTA agarose purification and immunoprecipitation of E1-E2 complexes. For immunoprecipitation, cell lysates were incubated overnight in 1-5 µl of the appropriate antibody (diluted 1\500) at 4 mC, followed by addition of 50 µl Protein A-Sepharose (Sigma) and incubation at 4 mC for a further 1 h. Three anti-E2 immunological reagents were used : two monoclonal antibodies, H53 (Cocquerel et al., 1998 ; kindly provided by J. Dubuisson) and ALP98 (raised against strain Glasgow E2), and a rabbit antiserum, R141 (raised against the hypervariable region of strain Glasgow E2). Immune complexes attached to Sepharose were pelleted at 10 000 g for 30 s and washed three times with immunoprecipitation buffer. Proteins bound to Sepharose were removed by addition of 200 mM Tris-HCl, pH 6n8, 0n5 % SDS, 10 % glycerol and 0n01 % bromophenol blue.
Purification on Ni-NTA agarose was accomplished by adding 50 µl of equilibrated Ni-NTA resin to cell lysates and rotating the mixture at 4 mC for 1 h. Resin was pelleted at 10 000 g for 30 s and washed three times with lysis buffer containing 50 mM imidazole. Proteins were eluted using the buffer described above.
PAGE and Western blot analysis. Samples were prepared for electrophoresis by heating to 95 mC. For electrophoresis under reducing conditions, DTT was added to samples to a final concentration of 20 mM before heating. Samples were cooled and electrophoresed on 10 or 12 % polyacrylamide gels cross-linked with 2n5% (w\w) N,Nh-methylene bisacrylamide (Laemmli, 1970) . Polypeptides were detected by autoradiography using XS-1 X-ray film (Kodak).
For Western blot analysis, proteins were separated on polyacrylamide gels and transferred to nitrocellulose membrane (Towbin et al., 1979) . After blocking with 3 % gelatin, 4 mM Tris-HCl, pH 7n4, 100 mM NaCl, the membrane was incubated with a monoclonal antibody specific for the histidine tag (Penta-His antibody ; Qiagen) for 4 h in 1 % gelatin, 4 mM Tris-HCl, pH 7n4, 100 mM NaCl, 0n05 % Tween 20. After washing, bound antibody was detected using a horseradish peroxidase-conjugated secondary antibody followed by enhanced chemiluminescence (Amersham).
Results
The complexes formed by E1 and E2 from HCV strain Glasgow contain intermolecular disulphide bonds
Expression of the structural proteins from HCV strains Glasgow and H77 was achieved using the Semliki Forest virus (SFV) expression system. The parent plasmid used to construct derivatives for expression of HCV proteins was pSFV1, which carries the coding regions for the SFV replication proteins but lacks any structural genes. Details of the regions expressed using the SFV system are shown in Fig. 1 . To facilitate purification of E1 and any associated E2, a histidine tag was introduced between amino acids 195 and 196 in the strain
Comparison of the relative mobilities of E1 and E2 made by strains Glasgow and H77. Cells were electroporated with RNA and labelled between 4 and 12 h after electroporation. After lysis, the glycoproteins were immunoprecipitated from cell extracts using ALP98.
Immunoprecipitates were electrophoresed on a polyacrylamide gel under reducing conditions. Samples were derived from cells electroporated with RNA from the following constructs : lane 1, pSFV/E1 his E2 ; lane 2, pSFV/CE1E2 H77 ; lane 3, pSFV/CE1E2 Gla . The positions of E1 and E2 are indicated. (B) Sensitivity of glycoprotein E1 to endo H digestion. Cells were electroporated with RNA from pSFV/E1 his E2 and radiolabelled as described in (A). After lysis, a portion (1/50) of the cell extract was digested with endo H. Digested (lane 2) and undigested (lane 1) samples were electrophoresed on a polyacrylamide gel under reducing conditions and then examined by Western blot analysis using the Penta-His antibody, which recognizes the histidine tag in E1. The positions of glycosylated (E1) and de-glycosylated forms (E1 − gly ) of E1 are indicated. (C) Analysis of the E1-E2 complex formed by strain Glasgow under reducing and nonreducing conditions. Cells were electroporated with pSFV/E1 his E2 and labelled as described in (A). A cell extract was prepared and subjected to Ni-NTA affinity chromatography. Bound proteins were electrophoresed on a polyacrylamide gel under reducing (lane 1) and non-reducing (lane 2) conditions. Lane 3 shows the crude extract applied to the Ni-NTA agarose column. The positions of E1, E2 and a high molecular mass aggregate (Agg) which fails to enter the resolving gel are shown.
Glasgow sequence, four amino acids from the cleavage site which defines the N terminus of E1 ; this modification gave a construct called pSFV\E1 his E2. Transcripts synthesized in vitro were introduced by electroporation into BHK C13 cells to achieve expression of E1 and E2. Expression of E1 and E2 was reproducibly detected in 60-90 % of electroporated cells as determined by indirect immunofluorescence (data not shown). Extracts from cells analysed by Western blot analysis using E1-and E2-specific antibodies indicated that the strain Glasgow glycoproteins had molecular masses of about 35 kDa (for E1) and 65 kDa (for E2 ; data not shown). Comparison of the mobilities of strain Glasgow glycoproteins with their counterparts in strain H77 was analysed using an E2-specific antibody which immunoprecipitates not only E2 but also E1 that is complexed to E2 (Fig. 2 A) . This revealed that E2 from strain Glasgow has a greater mobility than E2 from H77 while the converse is the situation for the apparent molecular masses of the corresponding E1 proteins made by the two strains (Fig. 2 A, compare lanes 1 and 2). The difference in mobilities for the E1 glycoproteins is not a consequence of the presence of the histidine tag since untagged E1 made by strain Glasgow also has a greater apparent molecular mass than H77 E1 (Fig. 2 A, lanes 2 and 3). From comparison of the amino acid sequences for the two strains, E2 from strain Glasgow lacks two predicted glycosylation sites which are present in the H77 sequence (Ogata et al., 1991 ; M. McElwee & R. M. Elliott, unpublished data) . However, the difference in the apparent mobilities of E1 between the strains does not appear to result from variations in either the predicted molecular masses or glycosylation patterns. Hence, at present the basis for the different mobilities of E1 from strain Glasgow and H77 is unclear. It was noted also that the E2 species for both strains often resolved into two bands (see Fig. 2 A and Fig. 3 A, B ). These may arise from inefficient cleavage at the E2\p7 site. Such species have been identified previously for strain H (Dubuisson et al., 1994 ; Lin et al., 1994) , which is highly homologous to strain H77. In strain Glasgow, however, we cannot rule out the possibility that they result from differential glycosylation of E2. For simplicity, these species will be referred to as E2. From indirect immunofluorescence studies, both proteins made by the Glasgow strain were localized to and retained in the ER (data not shown). ER retention was confirmed by endo H cleavage of extracts which showed that E1 was sensitive to enzyme digestion ( Fig. 2 B , lanes 1 and 2) ; E2 displayed similar sensitivity to endo H cleavage (data not shown). These data are consistent with previous findings (Cocquerel et al., 1998) .
The above data clearly demonstrate that, in accordance with the glycoproteins made by other HCV strains, E1 and E2 from the Glasgow strain form a complex. The nature of the interaction between the proteins was further studied by comparing their mobilities under reducing and non-reducing electrophoresis conditions. On this occasion, extracts from cells electroporated with pSFV\E1 his E2 RNA were mixed with Ni-NTA agarose from which bound proteins were eluted. Examination of bound material under reducing electrophoresis conditions revealed the presence of two major species of 35 and 65 kDa (Fig. 2 C, lane 1) which were confirmed to be histidine-tagged E1 and E2 respectively by Western blot analysis (data not shown). However, little monomeric E1 and E2 was detected under non-reducing conditions and most of the Ni-NTA bound material failed to migrate into the resolving component of the gel (Fig. 2 C, lane 2) , indicative that the complex contains intermolecular disulphide bonds. This property for the E1-E2 complex made by strain Glasgow was not a consequence of the histidine tag at the N-terminal end of E1 since complexes composed of untagged E1 and E2 behaved identically under non-reducing electrophoresis conditions (data not shown). Other studies have shown a similar behaviour for the E1-E2 complex although the proportion of E1 and E2 present as a disulphide-linked complex as compared to a noncovalently associated complex varies from study to study (Grakoui et al., 1993 ; Ralston et al., 1993 ; Dubuisson et al., 1994) . While these differences may reflect in part the expression system and cell type used, the high proportion of disulphide-linked complexes formed by the Glasgow strain E1 and E2 proteins are likely to result from properties inherent to their sequences.
Treatment of cells with DTT reveals non-covalent interactions between E1 and E2
It has been proposed that the disulphide-linked complexes formed by E1 and E2 represent aggregates of misfolded proteins (Dubuisson et al., 1994 ; Deleersnyder et al., 1997) ; however, their contribution to virion structure and the assembly process are not known since direct analysis of HCV particles has not been possible. To further examine the contribution of disulphide bonds to E1-E2 complex formation, we analysed the properties of the complex under reducing conditions in situ. From previous studies, treating cells in situ with DTT reversibly reduces disulphide bonds within proteins (Braakman et al., 1992) . Therefore, we devised a series of experiments employing this method to analyse the effect of such treatment on the strain Glasgow E1-E2 complexes. Initially, we investigated the effect of DTT addition on the stability of the preformed complexes. Cells were electroporated with pSFV\E1 his E2 RNA and proteins were radiolabelled with [$&S]methionine 4 h after electroporation. Labelling was continued for a further 8 h at which point cycloheximide was added to block translation. Following incubation for 30 min in the presence of cycloheximide, DTT was added to cells at a final concentration of 5 mM and cells were harvested after a further 30 min incubation ; in a parallel culture, cells were BGIE treated with cycloheximide but not with DTT. Extracts were then prepared in the presence of NEM, an alkylating agent which blocks free sulphydryl groups. Following purification by Ni-NTA affinity chromatography, bound proteins were analysed under both reducing and non-reducing conditions.
The E1-E2 complexes purified from cells that had not been treated with DTT behaved in an identical manner to those shown in Fig. 2 (C) ; E1 and E2 migrated as monomers under reducing conditions (Fig. 3 A, lane 4) but mainly as a high molecular mass complex in the absence of reducing agent (lane 2). From the extracts of cells treated with DTT, E2 continued to co-purify with histidine-tagged E1 as both proteins are found in gels run under reducing conditions (Fig. 3 A, lane 3) . Significantly, under non-reducing conditions, E1 and E2 no longer migrated as a high molecular mass complex but rather as monomeric proteins (Fig. 3 A, lane 1) . From these data, we conclude that the intermolecular disulphide bonds within the E1-E2 complex have been reduced. However, disruption of these covalent interactions did not dissociate the pre-formed E1-E2 complex. Hence, splitting the covalent interactions uncovered non-covalent associations which are present in E1-E2 complexes that are apparently aggregated.
Following this observation, we sought to further characterize the effect of DTT on E1-E2 complexes. In a subsequent experiment, the result of varying the concentration of DTT on the high molecular mass material and the non-covalent E1-E2 interactions was examined. Again, radiolabelled complexes bound to Ni-NTA were analysed under non-reducing conditions to monitor the loss of high molecular mass material. At lower concentrations of DTT (0n5 and 1n0 mM ; Fig. 3 B, lanes 4 and 5), there was evidence that reduction of E1 and E2 had occurred in situ ; however, a considerable amount of high molecular mass material remained. At higher concentrations of DTT (5 and 10 mM), the high molecular mass material had disappeared and the predominant species present were monomeric E1 and E2 (Fig. 3 B, lanes 7 and 8) . Thus, even at concentrations of DTT above 5 mM, the non-covalently linked E1 and E2 complex is stable. In subsequent experiments, DTT was added to cells at a final concentration of 5 mM, a concentration which is consistent with that used in other studies (Braakman et al., 1992) . Analysis of the time required to fully reduce the high molecular mass complex in 5 mM DTT showed that reduction is observed by 5 min following the addition of DTT to cells and is complete by 20 min (data not shown). Therefore, our results provide strong evidence that the non-covalent interactions between E1 and E2 are not stabilized by intermolecular disulphide bonds present in aggregates of the complex.
The high molecular mass material rapidly reforms upon removal of DTT from cells
To determine whether reduction of the disulphide bonds in E1 and E2 mediated a change in either the conformation of the . Effect of removal of DTT on E1-E2 complexes. Cells were electroporated with pSFV/E1 his E2 and radiolabelled between 4 and 12 h after electroporation. Cycloheximide and DTT were added to cells as described for Fig. 3 (A). Samples treated with 5 mM DTT for 30 min (j) or without DTT (k) as indicated. DTT-treated samples were washed with media lacking the reducing agent and then incubated at 37 mC in the absence of DTT for the times indicated (kDTT). Cell extracts were subjected to Ni-NTA affinity chromatography and bound proteins were electrophoresed on a polyacrylamide gel under reducing (R ; lanes 1 and 2) and non-reducing conditions (NR ; lanes 3-9).
E1 and E2 proteins or the complex which they form, the effect of removal of DTT was examined. Cells expressing E1 and E2 synthesized from pSFV\E1 his E2 RNA were treated with cycloheximide and DTT, after which the cultures were washed with medium lacking DTT and then harvested at various times following removal of the reducing agent. We found that high molecular mass material could be detected within 5 min of DTT removal (Fig. 4 , compare lanes 4 and 5) and it was the predominant species by 15 min (lane 6). Hence, the effect of DTT is reversible and disulphide bond formation recurs upon its removal. However, non-aggregated forms of the complex are not recovered, suggesting that even transient release from possibly incorrect intermolecular covalent linkages does not allow re-ordering of the non-covalent interactions to generate complexes which do not aggregate.
Disulphide bond formation is not required for the initial interactions between E1 and E2
The data described thus far examined the function of disulphide bonds in pre-existing complexes. To address any role for such covalent linkages in initial interactions between E1 and E2, we analysed complexes formed by de novo synthesized E1 and E2 in the presence and absence of DTT. Electroporated cells were pulse-labelled for 2 min with [$&S]methionine\cysteine and then chased for up to 10 min. To prevent disulphide bond formation during the pulse-chase period, DTT was added to one set of cells 15 min prior to addition of the radiolabelled amino acids and was maintained until the cells were harvested. Immunoprecipitation with E2-specific antiserum R141 showed that E1 was complexed to E2 at 2 min after the pulse in both DTT-treated and non-treated samples ( Fig. 5 C and D, lane 2) . The presence of monomeric E1 and E2 in non-reducing gels verified that intermolecular disulphide bonds had not formed in proteins synthesized in the presence of DTT (Fig. 5 A, lanes 1-4) . By comparison, in samples not treated with DTT, only small quantities of E2 and no E1 could be detected in non-reducing gels and the abundance of monomeric E2 protein decreased at longer chase times (compare lanes 1-4 in Fig. 5 B) . The lack of monomeric E1 and the reduced amount of monomeric E2 result from the formation of high molecular mass material which barely enters the resolving gel. Similar data were obtained by Ni-NTA chromatography of E1-E2 complexes (data not shown). From these data, we conclude that non-covalent association of E1 and E2 occurs rapidly following synthesis and disulphide bond formation is not necessary for such interactions. 
Effect of DTT on complexes formed by E2 deletion mutants
It was anticipated that reduction of E1 and E2 in situ may provide a means of distinguishing between regions in the proteins which interact by either covalent or non-covalent interactions. Hence, a series of deletion mutants was derived from pSFV\E1 his E2 which sequentially removed regions of E2 (Fig. 1) . From several experiments with these mutants using either immunoprecipation or Ni-NTA affinity chromatography, we found that E2 mutant polypeptides retained the capacity to interact with E1 both in the presence and absence of DTT. A typical set of data obtained is shown in Fig. 6 . Here, complex formation has been assessed by Ni-NTA affinity chromatography of radiolabelled extracts prepared from DTTtreated cells electroporated with the E2 mutants shown in Fig.  1 . Each mutant E2 species co-purified with E1 suggesting that E1 and E2 can non-covalently associate at multiple sites.
Effect of DTT treatment on E1-E2 complexes formed by HCV strain H77
During the course of our studies, it was reported that RNAs synthesized from cDNAs composed of the consensus sequence for HCV strain H77 were infectious in chimpanzees (Kolykhalov et al., 1997 ; Yanagi et al., 1997) . Published data also showed that both covalently and non-covalently linked E1-E2 complexes could be identified with the HCV H strain, which was isolated from a chimpanzee infected with strain H77 and has very high homology to H77 (Inchauspe et al., 1991 ;  BGIG Complexes formed by strain H77 in the presence and absence of DTT. Cells were electroporated with RNA from pSFV/CE1E2 H77 and incubated at 37 mC for 12 h. Cells were pulselabelled for 2 min and chased for the indicated times either in the presence (jDTT) or absence of DTT (kDTT). Immunoprecipitations on cell extracts were performed with anti-E2 monoclonal antibodies ALP98 and H53. Bound proteins were electrophoresed on polyacrylamide gels under either non-reducing (non-red ; panels A and B) or reducing conditions (red ; panels C and D). Panels (A) and (C) show the proteins precipitated by ALP98 while (B) and (D) are those precipitated by H53. In (A) and (B), the positions of the oxidized and reduced forms of E1, E2 and the E1-E2 precursor are shown. Panel (E) shows a control experiment from cells electroporated with RNA from either pSFV/CE1E2 H77 (lanes 1 and 2) or pSFV1 (lanes 3 and 4). Electroporated cells were incubated at 37 mC for 12 h, pulse-labelled for 2 min and chased for 80 min in the absence of DTT.
Immunoprecipitates from cell extracts incubated with ALP98 (lanes 1 and 3) and H53 (lanes 2 and 4) were electrophoresed under reducing conditions. The bands indicated as precursors in panels (A)-(E) contain a mixture of E1-E2-p7/NS2 and E1-E2 molecules which have been glycosylated but not cleaved to completion. Dubuisson et al., 1994) . Moreover, the non-covalently linked complex could be recognized by conformation-specific antibodies (Deleersnyder et al., 1997 ; Michalak et al., 1997 ; Cocquerel et al., 1998) . For comparative purposes, we examined the effect of DTT on E1-E2 complex formation in strain H77. Cells were electroporated with RNA from pSFV\CE1E2 H(( and a pulse-chase experiment performed on cultures either in the presence or absence of DTT. Immunoprecipitations were carried out with two antibodies : ALP98, which detects a linear epitope in E2, and H53, which recognizes a conformationdependent native form of E2 (Cocquerel et al., 1998) . These antibodies precipitated both E2 and E1, which often migrated as a series of differentially glycosylated species (Fig. 7 E, compare lanes 1 and 2 with lanes 3 and 4). The identity of E1 was confirmed by Western blot analysis using an E1-specific antibody (data not shown).
In the absence of DTT, H53 recognized a native form of the complex, as deduced from electrophoresis under non-reducing conditions, more efficiently than ALP98 (compare lanes 1-4 in Fig. 7 A and B) . This complex was most apparent at later times BGIH in the pulse-chase experiment, in agreement with previously reported data (Deleersnyder et al., 1997) . We also found that, in these experiments, H53 precipitated some aggregated material ( Fig. 7 B and D, lanes 1-4) . In the presence of DTT, both antibodies precipitated E1 as well as E2 even at early chase times (see lanes 5 and 6 in Fig. 7 A and B) , although ALP98 was more efficient than H53 ; this may reflect the specificity of H53 for a particular conformation of E2. Nonetheless, treatment with DTT does not disrupt the conformation detected by H53 and, in agreement with our earlier data, does not prevent E1 association with E2. It is also of interest to note that H53 recognized E1-E2 precursor proteins in DTT-treated samples (Fig. 7 B and D , lanes 5 and 6) but with markedly reduced efficiency in untreated samples (Fig.  7 B and D, lanes 1-4) . By contrast, ALP98 recognized these precursors with greater efficiency than H53 in both DTTtreated and untreated samples ( Fig. 7 A and C, lanes 1-8) .
Coupled with the ability of H53 to precipitate E2 soon after synthesis (Fig. 7 B and D, lane 5) , it would appear that the conformation detected by the antibody can form rapidly in the presence of reducing agent.
From comparison of the relative mobilities of E1 and E2 in Fig. 7 (B) , it is evident that oxidized forms of both E1 and E2 are present in untreated samples (lane 4) while only the reduced forms are detected in those samples treated with DTT (lanes 6-8). This indicates that intramolecular disulphide bonds do not form in the presence of DTT, further highlighting that E1 and E2 association does not rely upon the formation of covalent linkages.
Discussion
We have examined the effect of creating reducing conditions within cells on E1-E2 complex formation. In agreement with a previous report which examined E2-NS2 cleavage (Dubuisson & Rice, 1996) , we find that addition of DTT to cells does not impair cleavage and processing of the glycoproteins from precursor molecules. However, we have considerably expanded this finding to examine the wider role of disulphide bonds in E1-E2 complex formation. Given the lack of a system for efficient propagation of HCV and the difficulties associated with recovering virus particles from infected sera, it is difficult to formulate a pathway for E1-E2 interactions and the folding which occurs in vivo. To date, two complexes have been identified : an aggregate in which intermolecular covalent interactions occur and a native complex composed of noncovalently associated E1 and E2 (Deleersnyder et al., 1997 ; Michalak et al., 1997) . While there is growing belief that noncovalent associations represent the authentic interactions between E1 and E2, a contribution of covalent interactions to E1-E2 complexes remains a possibility. Hence, analysis of the role of covalent interactions may shed light on the intermediates which could occur during E1-E2 association. E1 and E2 from HCV strain H associate to give both types of complex. The native complex can be detected by conformation-specific antibodies and forms more slowly than the aggregate (Deleersnyder et al., 1997 ; Michalak et al., 1997) . Using the SFV system and a conformation-specific antibody, we also have detected both types of E1-E2 complex with strain H77, which is highly homologous to strain H. Aggregates containing associated E1 and E2 occur soon after synthesis and processing of the polypeptides while the native form appears later. With strain Glasgow, there was reduced accumulation of the native complex. We conclude that this occurs as a result of sequence differences between the two strains. Comparison of the predicted amino acid sequences from both strains showed that the cysteine residues are conserved in both proteins as are the predicted Nglycosylation sites in E1. However, E2 from strain Glasgow is predicted to have two fewer N-glycosylation sites. The loss of these modification sites could at least partially account for the reduced ability of the Glasgow strain to form native E1-E2 complexes. E1 glycoprotein from strain Glasgow also has lower mobility on gels as compared to its counterpart in H77. Since the predicted molecular masses of the non-glycosylated species are very similar and the predicted glycosylation patterns of the two proteins are identical, there is no obvious reason for the different mobilities. Moreover, the endo H digestion products of H77 and strain Glasgow E1 do not comigrate (data not shown) ; thus the observed molecular mass difference is not due to differences in glycosylation. Our observations are similar to those noted by Fournillier-Jacob et al. (1996) , in which the mobility of E1 was dependent on HCV sequences flanking the polypeptide. We suggest that there may be additional processing to the E1 protein from strain Glasgow which, as yet, has not been identified, and this also may contribute to the reduced production of a native complex by this strain.
The occurrence of non-covalent interactions between E1 and E2 within the aggregated complex has not been previously reported. From our results, covalent interactions within the aggregate can be disrupted by DTT in situ yet E1 remains noncovalently attached to E2. One interpretation of these data is that reduction of covalent bonds by DTT exposes regions of E1 and E2 which can then interact non-covalently. Alternatively, E1 and E2 may form homo-oligomers which retain the ability to interact non-covalently with each other. We have expressed separately both E1 and E2 and find that both proteins multimerize through covalent interactions (data not shown). A third option is that covalent and non-covalent associations can occur simultaneously between individual E1 and E2 molecules. Under such circumstances, it would be predicted that segments in E1 and E2 which form either type of interaction would be separable and thus identified by deletion analysis. However, we have been unable to identify such regions from our E2 mutants. This suggests that the interactions which can occur between E1 and E2 are complex.
It is not possible to state whether the non-covalent interactions which are present in the native complex also participate in the formation of the aggregate. If there are two sets of interactions which are mutually exclusive, each specific for either native or aggregated complexes, then caution should be exercised on the authenticity of regions which have been identified as necessary for E1-E2 association. This may be particularly the case where methods such as Far-Western blot analysis have been used to map sequences required for E1-E2 binding but which do not directly analyse the nature of the complex (Yi et al., 1997) .
Our data with E2 deletion mutants failed to identify any regions in the protein whose removal prevented complex formation with E1. This included a truncated form of E2 lacking the C-terminal transmembrane domain. Previous results using the vaccinia virus expression system have indicated that deletion of the equivalent region in E2 abolishes interaction with E1 (Selby et al., 1994 ; Michalak et al., 1997) . However, unlike the vaccinia virus system, E2 truncated at residue 703 was not secreted in our SFV system ; similar data have been observed also on expression of truncated forms of E2 with a Sindbis virus vector (Michalak et al., 1997) . Thus, truncated E2 produced by SFV may reside within an intracellular compartment where it retains the capacity to interact with E1 through the E2 ectodomain. By contrast, vaccinia virus expression of truncated E2 may direct the protein to a different compartment as part of the secretory process, thereby reducing the ability to associate with E1. We note also that our truncated form of E2 removes sequences which would encode p7. Since E1 and E2 continue to form a complex in the absence of these sequences, we conclude that p7 is not critical for their interaction.
We have used a conformation-specific antibody which recognizes the native complex and find that this reagent does not lose specificity with de novo synthesized complexes produced under reducing conditions. Therefore, the conformation for E2 required for antibody recognition is not dependent on disulphide bonds for stability. By contrast, a recent report showed that, following reduction, a truncated form of E2 was detected less efficiently by antibodies in approximately half of the infected sera tested (Lee et al., 1997) . Thus, covalent bonds may function to stabilize certain conformations of E2 but our data would suggest that they are not required for E1-E2 interactions.
In conclusion, we have shown that intra-and intermolecular covalent interactions are not required for non-covalent association of E1 and E2. Since E1 and E2 can form both native and aggregated complexes through non-covalent bonding, this highlights a difficulty in identifying authentic interactions which occur during virus assembly and maturation.
